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INTRODUCTION

The study of propeller noigae is motivated by the need for hoth quiet and effi~-
clent propellars. Although analytical tools are currently available for predicting
the performance and noise of propellers (refs, 1 to 4), their merit and range of
applicability muat be determined by careful experiments. High-quality noige data
uncontamindted by facility background noise and reflections must be obtained in an
anecholc flow environment. The opérational evaluation of a propeller test stand
(PTS) in an open-jet flow environment is the subject of this study.

Presented in this report are the results of operational proof tests of the PTS
in the quiet flow facility (QFF) of the Langley Aircraft Noise Reduction Laboratory
(ANRL). The PTS is an experimental test-bed for acoustic propeller research in the
quiet flow environment of the QFF. The purpose of these proof tests was to validate
thrust and torque predictions, to examine the repeatability of measurements on the
PTS, and to determine the effect of applying artificial roughness to the propellar
blades. Since & thrusting propeller causes an open jet to contract, the potential-
flow core was surveyed to examine the magnitude of the contraction. These measure-
ments are comparéd with predicted values. The predictions are used to determine
operational limitations for testing a given propeller design in the QFF.

Aerodynamic performance is predicted from a model based on bladé element theory,
momentum theory, and the Goldstein-Lock tip relief correction (refs. 5 and 6). The
method requires that the aerodynamic characteristics of each blade station, or ele-
ment, be provided in order to predict the thrust and power coefficients (Cqp and cp)
of the propeller. This method is described in appendix A. The basis for predicting
the potential core radius is simple actuator disk theory, described in appendix B.

In this report, the PTS hardware and test setup in the QFF are déscribed, and
then the flow survey and aerodynamic results are presented. An acoustic experiment
was not performed since the purpose of this study was the elect¥ical and mechanical
evaluation of a new piece of experimental equipment in an open-jet flow and the eval-
uvation of propeller performance prediction codes.

SYMBOLS

Dimensional quantities are presented in both the International System of Units
(SI) and U.S. Customary Units. Measurements and calculations were made in SI Units.

Abody area of the PTS centerbody
A4isk area of propeller disk
Aj area of the jet exit

Ag upstream area of streamtube cross section that contracts to the propeller
tips at the disk plane

Aq total thrusting area, Ay - Abody
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av, axial componont of induced volocity (soe tho nkotch in appondix RA)
, a'rfR azimithal component of induced veloaity (soo tho sketeh in appendix A)
§‘ ] numbor of propelloar hladen
; b chord of propollor blade oloment
3,5
: Cp powor coefficiont, P/pn dp
? Cp thrust coefficioent, 'I‘/pnzﬂp4
ey two-dimensional drag coefficient of propeller blade eleoment

(sce appendix A)

¢y two-dimensional lift coefficient of propellér blade element
(see appendix A)

4 drag of airfoil section

dbody diameter of PTS centerbody

dj jet diameter

dp propeller diameter

F tip correction factor

4 factor in Prandtl-Betz correction

J advance ratio, Uj/ndp

2 lift of airfoil section

n number of revolutions per second

P propeller power

. p absolute pressure

Q propeller torque

q stagnation pressure minus static pressure, ﬁjjz/z

R propeller radius

r radial position of an elamental airfoil section of the propeller

rs potential-flow core radius at the propeller disk plane

ry upstream radius of the propeller streamtube

Ar radial distance between the propeller tips and the shear layer of the
potential=-flow core of the jet
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T propeller thrust

u mean flow vnlooity

Uj jot~oxit volocity

v valoaity aerona propellor alrfoil sootion (a00 appondix A)

Va axial flow voloaity (sco appendix A)

\ axial flow volocity causod by propellar momontum disk (sco appendix R)
z diastance downstroam of jot exit plane

a actual aorodynamic angle of attack of the propellar blade section

(see appondix A)

B geometric pitch angle of the propeller blade saction (see appendix A)
A J/nnd

p air density

o golidity, b®B/2ur

¢ effective pitch angle of the propeller blade section (see appendix A)
Qr angular velocity (see the sketch in appendix A)

wr/2 induced angular velocity (see the sketch in appendix A)

Subsgcripts:

amb ambient value

max maximum

meas measured value

pred predicted

Abbreviations:

ANRL Aircraft Noise Reduction Laboratory

PTS propeller test sgtand

QFF quiet flow facility

rpm revolutions per minute
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NDRBCRIPTION OF MODEL AND APPARATUS
Propallar Tont Stand

A achomatic of tho PT8 ia ahown in figura 1. A cylindar, 1,93 m (76 in.) long

and 0,229 m (9 in.) in diamotor, howsna a 50-hp wator-coolod alectric motor, which ig
, controlled by a solid=atate vaviable~fregquonay motor controlleor (400 cps max, 60 kV-A
o max powot)., The motor used in this tost was limited to 40.7 Ne-m (30 ft-~lb) of
: torquo, and tho maximum spoed was 8000 rypm. The motor, propallar, torque metar, and
- all rotating parta aro supported by a thrust lond oall which ig aft of tho motor and
H groundad to the casa. With this load path, tho drag of tho entiro centorbody nacolle
. was not rvagisterad on the load cell. Torque ls measurcd by an in=lino rotating-shaft

torque sansor, which ig isolated by two dacouplars.

It should be pointed out that a more powerful motor can be employed as long as
its physical size does not exceed 0.159 m (6.25 in.) in diameter and 0.457 m (18 in.)
in length.

Propeller

For the PTS evaluation, a two-bladed propeller design for use on an rpv
(remotely piloted vehicle) was used and is shown in figure 2. It has ARA airfoil
sections (7 percent at the tip, 9 percent at the root) and is 0.686 m (27 in.) in
A diameter. This propeller was designed for a speed range typical of that available in
T the ANRL QFF. Geometric pitch angles of 5° and 17° were set at 0.85 of the blade
" radius.

The propeller was first tested with smooth (polished) surfaces. Artificial
roughness was applied te the suction surfaces and then to the pressure surfaces to
examine the effect on propeller performance. The roughness was a nonstandard grit
with the largest size approximating no. 60. It was applied in a band, 2.5 mm
(1/10 in.,) wide, 2.5 mm (1/10 in.) downstream of the leading edges.

Quiet Flow Facility

The experimental setup in the QFF is shown in figure 3. No attempt was made to
perserve the anechoic characteristics of the room, since no acoustic measurements
were made during this test. The 1.22-m (4-ft) diameter circular nozzle currently has
a maximum velocity of 36.6 m/s (120 ft/s), that is, Mach 0.11. It exhausts verti-
cally into an anechoic room of dimensions 6.1 x 9.1 x 7.0 m high (20 x 30 x 23 f¢t
high) between the wedge tips. Piqure 4 is a sketch of the PTS in the QVF.

TESTS AND CORRECTIONS
Pata Acquisition and Instrumentation

For ecach of the test conditions outlined in table I, the following measuroments
were made (sec fig. 5 for complete instrumentation diagram). Outputs from four
accelarometers placed on the centorbody were recorded for vibrational analyses. The
thrust, torque, and rpm outputs were rocorded on analog tape for vibrational analyses
as well as stored in a computer for aecrodynamic performance calculations. A micro=-
phone was placed in the chamber for diagnostic use. The ailr temperature in the noz-
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zle plenum, the stagnation minus the statio pregsura 0,102 m (4 in.) inaside the nog~
#le lip at the exit plane (q), and tha ambient pressura (p ) in the anaechoic raom
ware moasured and stored in the computar, Finally a pitot atatie tube was used in
conjunction with a atepping motor to survey the petential aora of the jet 0.15 m

(6 in,) upatream and downatream of the propeller disk plana, Theso moasurements
provided thoa necessary data to evaluate the performance of the PTS, propellar, and
QFF togothar and to validate pradictions desaribed in appendixes A and B,

Data Raduction and Prcesentation

The data were obtained by inoreasing the rpm and then decreasing it through the
desired range for the particular propeller blade pltch angle and forward veloaity.
The measured thrust and torque have been corrected for electrical and mechanical
tares (which resulted from the body weight and the torque required to spin all but
the blades). The thrust data were also corrected for the spinner drag, which was
very small and varied almost linearly with velocity over the velooity range with a
slope of 0.401 N/(m/s) (0.0275 1lb/(£ft/s)). This resulted in a drag of 14.7 N
(3.3 1b) at the maximum velocity. The thrust and torque data have undergone two
purges. One purge, described in appendix B, was necessitated by the potential core
contraction at high thrust values. The other purge resulted from the thrust meter
tare shifting continuously during the early phases of these tests. This purge is
discussed in appendix C. The cause of the continuous shift was determined to be
mechanical friction in the shaft bearing and load cell asgsembly and was rectifiable.

The air density p, which was calculated from the ambient pressure and the ple-
num temperature, was used to calculate the Jet velocity as well as to nondimension-
alize the thrust and power coefficients. All data presented are nondimensionalized.
Aerodynamic data are presented in terms of the thrust and power coefficients versus
propeller advance ratio (J = U/nd.). Flow survey results are presented in terms of
U/Uj versus radial position in nozzle diameters.

Bix conditions were repeated up to three times during the test program to exam=~
ine the repeatability of the data. The rear shaft bearing temperature was recorded
as an approximate indicator of the length of time that the PTS was operating. Gener-
ally the thrust and torque decrease slightly with increasing rear bearing tempera-
ture. However, in all cas. the thrust- and torque~coefficient variation was less

than 0.004. The size of the test-point symbols representing the performance data
reflect the size of this uncertainty.

FLOW SURVEY RESULTS

A primary concern when testing a propeller in an open-jet facility is the posi-
tion of the jet shear layer with respect to the propeller blade tips. This problem
is analyzed in appendix B, in which it is shown that the radial extent of the poten-
tial core is affected both by the centerbody, which expands the core, and by the

propeller thrust, which contracts it. The effect of the centerbody has been included
in the analysis.




: — et e AT . L, P e by BT T, TR O 3”"""”!"””““”“”“"'“"“
1 - ‘ g EAR . ' . .

e e aei w im w _C

: Effect of the Centerhody on the Potential Core

The effect of the centerbody alone on the radius of the potential core is shawn
in figqure 6. The location of the knee (or outside edga) of the potential core v
; was measured at a faow positions downatream of the jot exit with and without the cen-
g terbody in the flow. It can he concluded from the fiqure that the aentarbody had a

§ , small favorable effact on the extent of the potential cora, This is oxpooted and ig
— ghown in tho analysia.

Thao velocity distribution in the potential core itself was measured 0.15 m
(6 in.) upstroam and downstream of the plane of the propeller disk without the pro=-
peller installed. The velocity profiles were nondimensionalized by the jet oxit
valocity, and the radial distance, by the jet diameter. Measurements were made at
19.5, 30, and 36.6 m/s (64, 98, and 120 ft/s). All velooity profiles collapsed wall
when normalized by U,. The profiles upstream of e propeller disk location are
given in figure 7, ana those downstream, in figure 8., The radii of the centérbody
and propeller are also indicated in the figures. These profiles are representative
of the data taken at all velocities. The flow deceleration and acteleration around
the body are clearly seen in the vicinity of the centerbody (r/d, ~ 0.1), and the
centerbody influence extends only out to r/d, = 0.19. Also of %ote in figure 7 is
that the potential core extends to about r/d; = 0.45. This number is slightly
larger than the value measured without the cénterbody in the flow (see fig. 6).

Effect of Propeller on the Potential Core

The jet was surveyed to locate the knee (or outside edge) of the potential core
for comparison with the predictions given by equations (B5) and (B8). The measured
profiles are given in figure 9 for a blade pitch angle of 5° and in figure 10 for a
blade pitch angle of 17°. The solid line represents the profile measured 0.15 m
(6 in.) upstream of the propeller disk plane, and the open symbols, the profile mea-
sured 0.15 m (6 in.) downstream of the propeller disk plane. The swirl component of
the propeller slipstream velocity precludes exact measurement of the total velocity
behind the propeller when using a nonaligning pitot static tube; however, the data of
interest lie outside the slipstream and in the vicinity of the potential core knee.

To obtain the knee location at the disk plane, the upstream and downstream knee loca~-
tions are averaged.

Noted in figures 9 and 10 by an upward arrow is the average of the upstream and
downstream locations of the potential core knee. Also noted in the figures is the
predicted knee location (ro/dj ). Table II summarizes the predicted values, the

pred
measured values, and the error in percent. The average difference between the mea-
sured and predicted location of the knee is less than 5 percent with the prediction
consistently underestimating the actual (measured) value.

The largest errors (greater than 7 percent) in the predicted location of the
potential core knee may have been cuused by errors in the measured thrust, and thus
in Cp, under particular conditions. In appendix B, bounds were established on pro-
peller performance for which meaningful aerodynamic data can be obtained (gee
eq. (B12)). For the propeller used in this stgdy, this criterion is CT/J2 < 0.633,
If the three cases in table II for which Cp/3¢ > 0.633 are excluded, the average
error is less than 3 percent. Thus the criterion of equation (B12) is a useful tool
. in determining possible limitations when testing a given propeller under various
G operating conditionsg in the QFF.




Thrust and toyrque data for rung where C,I,/a2 exceeded 0,633 ware purged from
the data basa,

AERODYNAMIC PRRFORMANGE
Reynolda Numbey

An oxamination of the offect of Roynolda number was attemptad hy placing qrit at
the 10 poreant chord on tho propellor blados. Thio grit is intonded to oroato turbu-
lont flow over the blados, and thus simulate the flow on full=scdle propollera.
Coplottod in figuro 11 aro tho data for a blado pitch angle of 5° with surfacos
gmooth (polished), the suction gurfacss roughoned, and both the suction and tho
presguré surfaces roughenied. Similar rasults for a hlade pitch anglo of 17° arc
given in figura 12 for two velocities. In general, tho grit reduced the thrust (by
about 11 percent at 17°). This dramatic reduction of C, 18 apparently due to a
reduction in the section lift coefficlent ¢, as shown gy equation (A3). The addi-
tion of grit can erode the lift of an airfoif gection in two ways. First, a typi-
cally low Reynolds number (500 000 based on thé¢ chord) coupled with a large grit size
could result in a loss of lift and an inorease in drag. Using a smaller grit size
may eliminate this problem. Sacond, the boundary layer resulting from the grit may
significantly change the effective airfoil shape and consequently alter its lift
characteristics. It is conceivable that a thin turbulent boundary layer is not
attainable at these Reynolds numbers; since a small grit is not sufficient to trip
the boundary layer and a large grit adversely changes the effective airfoil shape or
causes flow distortions (ref. 7). Thus a model-scale airfoil with a laminar boundary
layer may more closely represent a full-scale airfoil with a turbulent boundary
layer.

The torque also decreased with the addition of grit, because of diminished sec-
tion 1ift, but the magnitude of the change was less than 5 percent at a blade pitch
angle of 17°,

When bhoth surfaces were roughaned, little or no additional change was registared
in the thrust, but the torque continued to decrease slightly.

Comparison With Performance Predictions

The performance predicted from the method outlined in appendix A is plotted on
fiqures 13 and 14 for blade pitch angles of 5° and 17°. 1In general, the predictions
agreed well with the measured data. In all cases, the prediction agreed better with
the smooth blade performance.

EVALUATION OF RESULTS

The results of the flow survey and potential core "knee" prediction indicate a
clear limitation (eq. (B12)) on the propeller conditions that can be tested on the
PTS in the QFF. However, this limitation is not gevere. Equation (B12) indicates
that the upper bound on c,r/J2 depends on the centerbod¥ and jet-exit diameters as
well as the propeller diameter. This upper bound (C,./7 Jnax 18 given as a function
of propeller diameter for the PTS in the QFF in figure 15. As expected, smaller
propellers can be operated at higher disk thrust loadings for a fixed advance ratio
J. This allows sufficlent potential core beyond the propeller tips to simulato free-
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atream conditions, Qlﬁo, snaller propeller diameters permit higher pawer loadings
(horaepowar/diamater”) to be aimulated. At pragent the maximum power for this teat-
hed is 50 hp (intermittent duty) at 8000 rpm, although this can be inareased. On the
ather hand, doarmasing the diameter reduces the maximum helical tip Mach number
attainable (which la of importance in acoustia testing), sifica the maximum rotational
apaend attainablo ia 8000 ypm and jat-exit veloaity in 36.6 m/s (120 £&/8). The maxi=
mum halieal tip Mach number attainable with this tast~hed as a funation of propallar
diamoter 48 shown in figure 16, Two othor conaiderations whon testing a amaller

diamotor propellor aro the Roynoldas number and the ratio of prepellor diamater to
nacgollo diamator.

At a nominal valuo of 7000 vpm for a medoratalv loadod propollor, the olactric
motor dollivoro up to 40 hp, With a 0.67=m (2,2=ft) diamotor propollor (which allows
tip Mach_numbors of intercat), a maxitum powor loading of 8.3 hp/ft2 (to ag high ag
15 hp/ft2 with a large motor) is obtainod. Figure 17 indicates tho clags of aircraft
whouo propollers scalo for testing on the P8 in the QFF.  In thig figure, a samplo
set of aircraft are simply classifiod by the maximum number of passengers theoy carry
(ref. 8). Tho power plant and propeller togdother are described by tho powor loading.
Roughly 1 hp/ft° is required per passenger. Thus with the pregont motor in the PTS,

nominally 10-passenger aircraft and smaller can ba scaled for an acoustic test in the
QFF.

CONCLUDING REMARKS

Operational proof tests have been performed on a propeller test stand (pr8) in
the quiet flow facility of the Langley Aircraft Noise Reduction Laboratory. The PTS
is an experimental test-bed for quiet propéller research. Flow survays upstream and
downstream of a propeller mounted on the PTS show that the propeller caused the
potential flow core to contract by an amount that is well predicted by actuator disk

theory. The same theory indicates that propeller operation at which meaningful aero~
dynamic data can be obtained is limited according to

cT
-~ < Constant

J2

where Cp 18 thrust coefficient, J is advance ratio, and the constant depends on
the diameters of the propeller and jet. Another limitation is motor power: however,
power can be increased as long as the motor can be housed in the PTS centerbody.

Thrust and torque coefficients measured on the PTS were repeatable within 0.004.
The coefficients measured with smooth propeller blades (no grit) agreed well with
predictions from a model based on blade element theory, momentum theory, and the

Goldstein-Lock tip relief correction. The addition of grit to the blades decreased
propellaer thrust.

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665

August 10, 1982
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APPENDIX A

PROPELLER PERFORMANCE PREDICTION

Rlade Rlement Theory

Tha lift and drag en an alemental two~dimensional airfoil ammation are writton
(foo 1) :

1 £]
IR pV?oxb dr (A1)

2d = 3 pva,b or (A2)

The lift and drag coefficients can be obtained in many ways; for the computation
made herein, these coefficionts were obtained from reference 2 for the ARA airfoil
section. :

From equations (A1) and (A2) and the propeller operating conditions, the forces
in the axial direction (thrust) and the oi

roumferential, or azimuthal, direction
(torque) can be obtained for each element of the blade (see sketch):

or = % pvzb dr B(cx cos ¢ = 4 sin ¢) (a3)

3Q = % pvzbr dr B(ck sin ¢ + cy cos 9) (a4)

Here the unknowns are the actual inflow velocity
into each gtation.

V and the angle ¢ of the flow ’
wake vortex.

The uncertainty comes from the induced velocity Vi due to the
At each station, the inflow velocity is written as a function of the

Wi .
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induced velooity ratio a' or a., Thua the inflow to the propallar mection can be

written .
sy LTA 1~ a' 5
V= Vaming® 9 Gor b (aS)

whan ogquatien (AS) is suhatitutod inta equatienn (A3) and (M), an expraasaion in
i obtainod for the thrust and torque in torme of tho unknewno a (or a') and

2
BT = % v ? L8 vp ar (o, @08 6 - o, sin ¢) (AG)
a ain? . f

K

2
3Q = 1 oV 20 +a) yne oy (¢, in ¢ + ¢, cos ¢) (A7)
2 Ya ain2¢ b} d

Farly attompts to obtain oxpressions for the unknowns camo from axial and angular
momentum statements which yield (ref. 1)

o ¢, cos b - %4 sin ¢

, a g
i - S (A8)
4 +
4 1 a 4 ain2¢
o al 5 Cg 8in ¢ + o4 cos ¢
f-a 4 gin ¢ cos ¢ (A9)

The third relationship between a, a', and ¢ comes from the geometric relationship

— vV (1 + a)

- tan ¢ = LTy (nt10)

With an initial estimate of effective pitch angle ¢, equations (aA8), (A9),
- and (A10) are solved iteratively for each blade section. The values for a or a'
2 and ¢ are substituted into equations (A6) and (A7), and the results are summred over
the blade radius to calculate the thrust and torque.

Tip Relief Corrections

The above procedure for obtaining propeller performance is called blade element
theory and has been used extensively for propeller design and analysis. Initially to
account for the three-dimensional eftfect, aspect ratio corrections were made to o
and c©,. These corrections were later replaced by the tip relief correction, whic
. originatud (ref. 1) for €ixed wing applications. 'This correction gave good results
Y for small advance ratios or for a large number of b ades. The correction was written

F =% cos £ (at1)

10
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where

o qgg ¢‘f 9% sln ¢

a a
P o o (’\1 3)
& 1

1 a 4r uin3¢
al s 1 sin ¢ + G4 co8 b

T=-a'  @F gin ¢ coo ¢ (a14)

Goldstain (ref. 5) obtained the oxact solution (incomprassiblo) for the downwash
across the propeller span, and Look (ref. 6) cast these results in a format conve=
nient for use in blade cloment theory. The Goldstein-Lock correction has the form

F o K( rzR B) (£15)
cos ¢
where K(¢,r/R,R) has been tabulated. The Goldstein-Lock correctior i “plica.c
in cases where the propeller is not heavily loaded and hasg a s=r * i .« of blades.
For the computations made herein, the Goldstein-Loock correcti .: ..y used.

Nonuniform Inflow

Typical propesller operation occurs in a radially nonuniform inflow environment.
This can be taken into account by modifying Va by a factor representing the percent
of the uniform stream that the propeller section is experiencing. The inflow to the
propeller is modeled by a panel method computer program that calculates the flow
around the spinner, shroud, and nacelle of the PTS. This correction has also been
applied to the predictions contained herein.

1
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APPENDIX B

PRENICTION OF POTENTIAL CORE KNER POSITION

Agtuator diek theory is uned to doveolap a rotationship for the axtant of tho
potontial goro at the propellor diok plane. Prom actuator disk thoory,

T 2pA V(T + V) (B1)

] -

whaere v 18 the velocity added by the propoller at tho disk plane. BEquation (Bt) is
golved for v vyiolding

5
“U, + \|JU,® + 27/pA 4
v = ] \ jz T (B2) 5

With the radial and circumferential velocity components at the disk plane %
neglected, the mass continuity equation can be approximated by -,

Astlj = AT(Uj + v) (B3) :

where A_ 1is the area of the streamtube, which contracts to the area of the pro- q
peller at the digk nlane as shown in the sketch:

Propeller Streamtube

Propeller Plane %
Ap A Apody

T disk ~
Substituting equation (B2) into (B3) yields

U D —
o 4 l\rz 21
ABU_’ AT (2 + 5 Uj + pA'r {B4)

From the definitions

- ontd de
T = pn b LT

12
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aquation (B4) can be writton

24 ¢

A
SL.1.1 BT
A 2+2 1 + 7 {(B5)

3
e
(N

T

The ratio on the left side rapresents the contraction of the slipstream due to the
additiof of momentum at the disk plane. As Cp approaches 0, this ratio
approaches 1.

Now assume that the distance between the propeller streamtube and the shear
layer of the potential core remains fixed as the fluid passes by the propeller. This
distance is given by

4
ﬂ—in
Ar 2 r (B6)
where
As
rs = . (B7)

and A, is given by equation (B5).

Thus, the radius of the potential core at the disk plane is given by

o 8 (Ba)

and it is this predicted value that appears in figures 9 and 10 and in table IT.

For the present experiment and for future tests in the QFF, equation (B5) can
also be used in the following way. First, it can be rewritten

daz ) 8d 2cT
3 1+ 11+ L (89)

=
2 2 2 2 2
dp - d'body “(dp - dbcady)‘:r

where d; represents the diameter of the streamtube at the Jet exit that contracts
to the diameter of the propeller at the disk plane. For the QFF, ds must be less
than dj = 1.22 m (4 £t). However, there are two other factors to consider. By the

13
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action of vipcosity, the potantial core ias reduced to A8 paracent of {ta exit diameter
by the time tha flow reachos the plana of the Aisk. Furtharmore, to oliminate the
neod for ampirical corroction factors, raforonga 1 racommends a margin of about

30 parcont of dj batwoon the propellar tip and tha shoar layer. Thua,

Wwith this gquidelino and the relationship of propaller thrust in producing con-

traction {(oq. (B2)), wo can eastablish bounds on propellor parformanca for which mean-
ingful acrodynamic data can bo obtainod:

e o AR S - A HB 0 S e Wb Uk Sl LA

(0.62a.)% ad_%c,,
e s L s R (811)
a 2 _ 2 2 n(d 2 _ .2 )Jz
o] d)::ody P d‘body
From this relationship, we obtain
2 2 2 2
cT - dp dboqg_ 2(0.626j)
-—c = -4 -1 (B12)
Jz 8 4 2 4 2 _ 2
o] p dbody
For the propeller tested on the PTS in the QFF, this relationship becomes
Cc
L ¢ 0.633 (B13)
J2

Data that did not meet this criterion were purged from the data base.
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APPENDIX C

DISCUSSION OF DATA PURGE DUE TO MECHANICAL FRICTION

Since the thrust tares varied unprodictably yat persistently during the test
program, it is necessary to analyze and bound the uncertainties in the thrust data.
The thrust eoefficicnt is calculated via

- Tmeas - Ttares
T 2.4 2. 4
pn d
p P
The change in Cp caused by an error in the offset may be estimated in the
following way:

bCT 1

d(offset) pnzd 4
p
Since the density p and the diameter dp are fixed, the error in Cp caused
by the error in the offset depends only on the motor rps setting n; that is,

Aoffset)

2.4
nd
P p

lacy| =

The offset error is arbitrarily set at 4.4 W (1 1lb). This is a maximum value
and was chosen based on the behavior of the PTS during a single run of the experi-
ment. The maximum tolerable error in Cp is chosen to be 5 percent of the full-
scale ordinate value on the plots (e.g., if (qr)full-scale = 0.15, then
ACT = 0,008). Data were thus purged when

or when

IA(Offaet)'

a
pd, " |ac,]

(c1)

In this way the uncertainties in GCp caused by the mechanical design problems
are limited to less than 0.0U4 for a blade pitch angle of 5° and less than 0.008 for
a blade pitch angle of 17°.
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TABLE II.- MEASURED AND PREDICTED POSITIONS OF THE POPENTIAL CORE KNEE

Pitch U?, rpm 3 c /32 Position, ro/dj Error,
angle m/s (£t/s T t
ng / t/8) Measured Predicted percen

Se 12 (40) 3006 0,361 0.11 0.44 0.44 0
5005 218 .95 .43 +40 7
7000 .158 2.32 41 «36 12.2
18 (60) 4006 «403 04 +45 45 0
6006 «269 «51 .44 42 4.5
7501 217 1.04 42 39 7.1
24 (80) 6007 «357 .16 +45 .44 2.2
7927 271 «55 43 42 2.3
Average XX 4.4
17¢ 18 (60) 2005 0.80 0.04 0.46 0.45 2.2
4000 +399 .64 43 41 4.7
27 (90) 3499 686 .13 +45 .44 2.2
4500 «533 31 45 43 4.4
5500 437 «54 43 42 2.3
36.6 (120) 4000 « 795 .08 «45 +45 0
6000 528 «33 +45 +43 4.4
7400 «432 +60 41 41 0
}\verage XX 2.5
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Rotating data amplitior filip ringe

A A /— Torque meter
—
| /— — Floating rod (4 each)

[3; 141, = ¢ 4 -
=T Bloatric motor
i H—==y + K] : T ¥ ’
Zropeuer disk plane |
— Hard points

Sliding ball bearings

e
1LTR

A-A

Figure 1.- Diagram of the components in the centerbody of the propeller
test stand (PTS).

Doveloped planform
————, —~ Leading edge

e

02563 m (,083 ft) diameter

--,0686 m (,225 ft)'i

|

o

2845 m (,933 ft) - l

T

Figure 2.- Propeller used during the PTS evaluation.
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Pigure 3.~ Experimental setup in ANRL.
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Ventilation

' 1| I - I ';
v )
% 6.1 m (20 ft) ——~ ‘
N R
v .
Air plenum —" K
‘ T 7.0 m (23 ft)
1.93 m (6.33 ft) !
¢ 4 :
& 1]
':é
. “'.-‘.':: o ]

T— Turbulence control device

Pigure 4.~ Sketch of the QFF with the PTS installed.
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z
A
\ | 7o "
|
5
~Hoo
4 S
\®)
S
— O
-y O Potential core radius with no centerbody
R=)
2 [ Potential core radius with PTS centerbody

Centerbody

0 | 2 3

z/d j

Flgure 6.- Bffect of the centerbody on the extent of the potentlal core region.
U = 30 m/s (98.4 ft/8).
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- a
.8:' q}
-~ [ o
2 of s
2 L
N °
‘ paox.
" %
2 :- %
- Centerbody radius Pmreuer lip radius o
C &
o I N WY Y B | Lodad ol l L.l l U T e | l U T W | l W T bl | ‘
| 3 4 R:] 8

A
Radial po

ition in 'jet diameters, r/d,

Figure 7.= Representative velocity profile 0.15 m (6 in.) upstream
of propeller disk location.

1.0

‘lir“"lll

u/u;
o

lTllTl‘fl!K}i!l‘

- Centefbgdy radius

Propeller tip radius

1

0 TS W Sl e L Laaaad
1 5 8

3 4

Radial position in jet diameters, r/d

Figure 8.~ Representative velocity profile 0.15 m (6 in.) downstream
of propeller disk location.
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RUN 31
C' = 0.014
meas
Argea=19.7 cm( 7.8 In, )

3.0

N
p o
:;;uuuuliuj-lgfjliﬂ

r./d,mao.M&
2.0 smmeme JRGLrOQM
cacoa downstream
18
2
- )

average

5
Centerbody rodius Pro{euer tip radius
O 0
°‘J¥JllJILJJlILl lllLllllJllilJ
o. I 2 3 4 ) 6
Radial position in jet diameters, r/d,

(a) Uj = 12 m/s (40 £t/8); 3000 rpm.

3.0~
C RUN 31
: Cr = 0.045
meas
25 Arpne=14.1 ¢m( 5.6 in,)
: r./d,w=0.397
20 - m — Upstreom
- o °°° oo downstream
Y : ° o
2 15k
2 C

1.0~

; 4

K average
5 -

- Centerbody radius Propeller tip radius
oh‘LlllelelLlj lLLlllLlLLlL_L

oS

X 2 K) 4 S X
Radial position in jet diameters, r/d

(b) Uy = 12 m/s8 (40 £t/8); 5000 rpm.

Figure 9.- Potential core surveys for blade pitch angle of 5°,
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30
. Mﬁ RUN 31
F: o (3] C[ w 0.0{)8
261 ® Al 8.8 cm( 3.6 in,)
. o o ,fm.g' n‘ " . .
) 1/ d) =0 354
2.0k — UpStream
) enoooo downstream
Tl :
wd 1
16f-
o k
- Centerbody radius Propeller tip radius )
t ;
0. F I D U | l | SN O . | ' 1.1 1 Ll L4 l S S W O | lé
0. ' 2 3 4 5 8 3
Radicl position in jet diameters, r/dj 5
J
{e) Uj = 12 m/s (40 ft/s); 7000 rpm. !
]
;
|
]
30— 3
N RUN 32 3
) C, = 0.006 |
251 Aro=20.5 cm( 8.1 in.) 5
: Foree=20.5 cm( 8.1 in.
- /)0y =0-448 |
20k —— ypstream :
Tt oooox® downstream
2 sk “5
:) 3 u

aMAmaass-anaBRARS s s

1.0 ‘
: ,‘
S Ss
- Centerbody rodius Proieller tip radius Cwo
oLL_j_LlllllllLl Uy ol g ta ]
0. 1 2 3 4 6

Radial position in jet diameters, r/q
(d) 01 = 18 m/8 (60 ft/r); 4000 rpm.

Flqure 9.~ Continued.
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3.0
N RUN 32 ‘
- Gy = 0,037 :
: meos j . :
20 Afp e 16,6 cm( 6.5 in, )
' ."./d‘w“mo.dl'? '
20k e P SLIEOM
Tt i downstream
: NGRS ° %
. - )
i o
- o
1.0~
- %o
s overog&
St
" Centerbody radius Propelier tip rodius
0:__11__4JlllL.lLLll 'lllllllllll

0] K 2 3 X S 6
Radial position in jet diometers, r/d,

(e) Uj « 18 m/8 (60 f£t/g9); 6000 vpm.

3.0
RUN 32
C, = 0.049
mecs
Arpe=13.7 cm( 8.4 in.)

r/ dw=0.393
20 odmnbo e UPSLrEOM
_ % oo downstream
)
°

*3
o
rx!IvrrxllrrI‘rIlT—'

to

o,

i 0
" over%ge" °
5 E i
- Ccnterb(')dy radius Propetier tip radius
ol v baaaal o NV W J
0. A 2 3 - L] 8

Radial position in jet diameters, r/d,

(€) U 18 m/8 (60 £t/8): 7500 vpm,
‘ ' Fiqure 9,= Continued,
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MOy
I RUN 33
) (4| v 0 00’0
26 AIM*NQ Jcem( 7.6 In)
- c./d‘ ‘mwo 439
20k o JBTGOM
- oooocooe downstream
Q of
o} i Q
N o Q%
1.0

aveérage

Centerbgdy radius Propeller tip radius
\
0. JJ.LJ_,L,WL_L_.L‘jl lLL.L_llLllll
0. ) A 5 6

}\oduol poqutmn in jet diameters, r/d,

(a) U* no24 mZa (B0 {t/8); 6000 ypm,

3.0
RUN 33
i Cloaee ™ 0040
251~ Arpye=16.4 c( 6.4 in, )
- :;/dww()me
20 a ———— ypstredm
E axoooedownstream
-_)'“ [ od{m%%
St o
" (M)
Y —

i ovoer
:\ S
;- Centerbody rodius Propeller tip radius

004.1le411[1;1 lk_l\lll_LJJLJ A
RS .

Radial pusition in ;ol dmnwtvm t/d

(W U 24 mse (RO ft/8); ROOO rpm.

Fiagure 9= Concluded.
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30
z RUN 37
: C‘m“ 0.025
250 Afpq20.5 cm( 8.1 in,)
\ r/d, =0.449
[ Jprea
20f- w— U pStream
Ny cooonee downBlream
l-‘ '
2 sl
2 C
1.0%‘
- overoge‘
S
- Centerbody radius Propeller tip radius Q
O_I,L‘AJ.,LLLill‘ll lllll[lllLlLL ]
0. 2 3 4 6
Rodlol position in jet diameters, r/d
(a) U 18 m/s (60 £t/s8); 2000 rpm.
30
C RUN 37
N Croe™ 0:103
25 =15.8 2
- Arpreq=15.8 cm( 6.2 in.)
C r./d,wno.m
2.0 - a—— UPStream
C oo downstream
§ 1sf o
C °
1o ®
C overage
K-} o
- Centcrbody radius Propeller tip radius
040--LJ—~L l‘_LJ Lok l_l AL l i l_J_J_L..L_.L,_L_L_L_u_ {3

Rodml poantoon in |o dmmotms c/d

(h) U‘ = 1 m/8 (L0 £t/8); 4000 rpm.

Fiqure 10.- Potential core aurveya for blade pitceh angle of 17¢,
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abiih MAA A ARG A L WY

™

Ao
: RUN 38
C‘m.r-» 0,061
281 Al pyea™ 195 €m( 7.7 in,)
i r./d,mrfo.M?
2.0 - o— pStream
! cxogo downstream
=3
R )
2 r
- POOOD00TOTIL
-
1.0
" qverage
S
- Centerbody radius Propeller tip rodius 00,
L. (<}
ollLAllllllllL ljlllljjlll_LL J
0. ' 2 3 4 $ 8

Radial pos;ition in ~je.t diameters, r/dj

() Uj = 27 m/s (90 £t/s); 3500 rpm.

3.0~
N RUN 38
- Crrpy™ 0:088
251 Ar,e=18.0 cm( 7.1 in.)
20 omne UPStreom
b ccooooan downstream
2 sk
=) - OOSOIPO0I00C000
- o
‘|° z"2
3
- average
LY o
- Centerbody radius Propelier tip radius ©
orlillllll_xllll llULlll‘LJ_illotL
0. 1 2 3 4 ) 6

Radial position in 'jet

diameters, r/d‘.

(q) Uj w27 m/8 (90 ft/8); 4500 rpm.

Maqure 10.- Continued.
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30
) RUN 38
: Cymm 0.‘04
235 Af g™ 16.4 cm( 6.5 in. )
N r'/d‘w”"o-4‘6
20k — LpStrearn
- Qoo downstream
2 1sf- &
2 N o
" o
1.0
[
Y=
- Centerbody radius Propeller tip radius
- s
olllllllulljl lllllLLllllll
0. A 2 3 A 5 6
Radial position in jet diameters, r/d,
(e) Uj = 27 m/s (90 ft/8): 5500 rpm.
30—
" RUN 39
C C, = 0.048
2'5 L meos .
N Aryee=20.1 em( 7.9 in.)
/0, =0.446
200 — Upstream
C coxomo downstream
=
~N VS5
D -
1~°-b-—%°———
C overage
8§ b
- Centerbgdy radius Propeller tip radius N
- i )
ol bl laan vl baa o
0. A ' 2 ) ‘ .3 4 5 6
Radial position in jet diameters, r/d,
(€) uj s 36.6 m/s (120 £t/8); 4000 rpm.
Pigure 10.- Continued.
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3.0
[ RUN 39
C Clreas™ 0.093
251~ Ar. =178 cm( 7.0 in,)
=3 ’f.‘ ¢ 0 .
N /9, W=0.428
2.0 — UpStream
- aoooood downstream
2 s:-
: -l °
- o
1.0
L average
B3 ol
- Centerbody radius Propeller tip radius
olllLlelJllll’lllllllll[llj

0. A 2 3 4 S
Radial position in jet diameters, r/d,

(g) Uy = 36.6 m/s (120 ft/s); 6000 rpm.

Figure 10.- Concluded.
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C, C, RUN
.075 — A O 30 Smooth surfaces
N A O 48 Suction side grit
0 - A O 54 Two sides grit
T.050 |-
Q -
U e
< [ AA‘A\
ok dhag,
O - "B @
i ‘\28
0 .-l L1 1 l | S | l,l L1 1 l | I | l

" 2 3 4 5 .6
Advance ratio

Figure 11,- BEffect on aerodynamic performance of adding grit to blade with Se
of pitch. Uj = 24 m/s (80 ft/s).
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C, Cp RUN
A O 38 Smooth surfaces

180 ¢—
N A O 50 Suctlon side grit
- A ©® 56 Two sides grit
g1m:- a B=a
Q). - -74“‘.45“~\£5
'S B ~3 \A
= O Q@ :Eggztttz
gg.of“) :- asuiiiaéih?Zaﬁzrnﬂaais
O I \A
o—llllljllllllllllllllllllJ
"3 4 5 6 7 8
Advance ratio
(a) Uj = 27 m/s (90 £t/8).
C; Cp RUN
150 — A O 39 Smooth surfaces
B & O 51 Suction side grit
- A $ 4
@ | i AA\A © 57 Two sides grit
510 Ma.p, A
L A, A
O - B A ~aA
* o = @..' .o
£ [ ‘ ”43~€§3m@% ' ""
8050 ”‘\9\.\
O - :
o.-lIjllllllllllllllJllllllJ
3 4 5 .6 .7 8

Advance ratio

(b) Uj = 36,6 m/s (120 ft/s).

Figure 12.- Effect on aerodynamic performance of adding grit to
blade with 17° of pitch.
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C, C, RUN
075 — A O 30 Smooth surfaces
B A O 48 Suction side grit
m N A © 54 Two sides grit
T .050 |- _ Prediction
2 -
09 ~
= L A
O 025 @
© B - O O
obllllllllllllll\rglj_\ll¢ll141
1 .2 .3 4 . Re) .6
Advance ratio
Figure 13.- Measured and predicted aerodynamic performance for blade pitch
angle of 5°. Uj = 24 m/s (80 ft/s).
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C, Cn RUN

A80 — A O 38 Smooth surfaces
N A O 50 Suction side grit
- & O 56 Two sides grit
20k 4 —-  Prediction
QL - R
O - ow
E - @J. L~ -n
QO B - . VT
o 050 p— . "
O [ \A
\{ I.-l L1 1 I 1t 1 1 I | I I | | {1 1 1 |J | | l
K 0.3 4 5 6 7 .8
< Advance ratio
' (a) Uy = 27 m/s (90 £¢/s).
C;, Cs RUN
150 — A O 39 Smooth surfaces
N & O 51  Suction side grit
- A O 587 Two sides grit
9 - Aa —_— - Prediction
c.100 — Ao
Qo ~bsal
O - -~
’t— - w&-.@; ......
] - N
o 050 t— Gx-‘g‘-:.
© _
- 0. -_1 | I | l 1114 Lj i 1.1 1 ] L 1 11 ' L1 t 1 I
.3 4 5 6 7 .8

Advance ratio

(h) Uj = 36.6 m/s (120 ft/s).

Figure 14.- Measured and predicted aerodynamic performance for blade pitch
angle of 17°.
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Propeller diameter, ft LITY
2'0 ¥ 1 7 12i 'l L '2i2' LI laisl LR ) |2i4! LI lais‘| LI |2i6
18
5 L
& |
(ol o
?\5_ .
sk
O i i 1 i § | 1 i I |
.6 N¢ .8
Propeller diameter,m
¥igqure 15.- Propeller operational 1imitation for the PT8 in the QFF.
Propeller diameter, ft
20 2. 2.2 2.3 24 2.5 2.6
.9 .‘r LIRS ¥ l v ¢ 1Tt l LI B 1 ' Al LR l ¥ LB l + LB | '
B :
28r
£ L
= .
c R
STr
O
=
a
—~ 6
- R
5 [ " L L 1 1 1 1 ! 1 J
(< N .8
Propeller diameter, m
Figure 16.- Maximum tip Mach number attainable with the PTS.
nj = 36.6 m/8 (120 ft/s8); 7000 rpm.
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Figure 17.- Propeller power loading for a sample of general aviation aircraft.
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